We use deep Gemini/GMOS-S g, r photometry to study the stellar populations of the recently discovered Milky Way satellite candidates Horologium I, Pictor I, Grus I, and Phoenix II. Horologium I is most likely an ultra-faint dwarf galaxy at D = 68 ± 3 kpc, with r h = 23 +4 ) closely resembles confirmed star clusters. Grus I lacks a well-defined centre, but has two stellar concentrations within the reported half-light radius (r h = 1.77 +0.85 −0.39 arcmin) and has a mean metallicity of [Fe/H] = −2.5 ± 0.3. Phoenix II has a half-light radius of r h = 12.6 ± 2.5pc and an [Fe/H] = −2.10 +0.25 −0.20 and exhibits S-shaped tidal arms extending from its compact core. Great circles through each of these substructures intersect at the Large Magellanic Cloud (LMC). This suggests that these objects are, or once were, satellites of the LMC.
INTRODUCTION
In recent years, many new Milky Way satellite stellar systems have been reported in the literature, e.g. Balbinot et al. (2013) ; Belokurov et al. (2014) ; Laevens et al. (2014) ; Bechtol et al. (2015) ; Drlica-Wagner et al. (2015) ; Kim et al. (2015a,b) ; Kim & Jerjen (2015a,b) ; Koposov et al. (2015) ; Laevens et al. (2015a,b) ; Martin et al. (2015) ; Kim et al. (2016a) ; Luque et al. (2016) ; Martin et al. (2016b) ; Torrealba et al. (2016a,b) ; Koposov et al. (2017) . The majority of these findings are based on relatively shallow photometry from the SDSS 1 , Pan-STARRS1 2 and DES 3 imaging surveys, and thus we have just started to understand these objects in terms of their stellar population, structural properties, distance and luminosity. In order to make them also valuable for testing near-field cosmology predictions and verifying Milky Way formation scenare-mail: helmut.jerjen@anu.edu.au 1 Sloan Digital Sky Survey 2 Panoramic Survey Telescope and Rapid Response System, Chambers et al. (2016) 3 Dark Energy Survey, http://des.ncsa.illinois.edu/releases/sva1D ios, including the role of the Magellanic Clouds, the true nature of each ultra-faint stellar system has to be unambiguously determined.
In this paper, the third in our series, we establish deep Gemini/GMOS-S g, r stellar photometry to better constrain the properties of four recently discovered southern dwarf galaxy candidates: Horologium I (Hor I; DES J0222.7-5217), Pictor I (Pic I; DES J0443.8-5017), Grus I (Gru I) and Phoenix II (Phe II; DES J2339.9-5424). We deliberately use both designations here for each object to reflect the fact that it still remains unclear whether they are in fact dark matter dominated dwarf galaxies, baryonic star clusters, or something else. They were detected in the first-year Dark Energy Survey (DES) data, although the three with alternate designations are from Bechtol et al. (2015) and Koposov et al. (2015) , while Gru I is only reported in the latter. The preliminary fundamental parameters derived for these objects are listed in separate columns in Table 1 . The third column for Phe II contains the values determined by Mutlu-Pakdil et al. (2018) .
Like many other ultra-faint dwarf galaxy candidates in the southern hemisphere, these four stellar overdensities are relatively close in projection to the Magellanic Clouds. This further raises the question of whether some of them might be, or were part of the Magellanic Clouds' own satellite system. Figure 1 shows their −3.4 ± 0.1 −3.5 ± 0.3 −3.1 ± 0.3 −3.7 ± 0.4 −3.4 ± 0.3 −2.8 ± 0.2 −3.7 ± 0.4 −2.7 ± 0.4 Table 1 . Parameters for the four ultra-faint dwarf galaxy candidates available in the literature prior our study. First column from Koposov et al. (2015) , second column from Bechtol et al. (2015) , third column from Mutlu-Pakdil et al. (2018) . On sky distribution of the four Milky Way satellite candidates with respect to the Magellanic Clouds and the neutral hydrogen gas of the Magellanic Stream. The HI column density (log(N HI ) in units of cm −2 ) is shown over six orders of magnitudes, ranging from log(N HI ) = 16 (black) to 22 (red). For more details we refer to Nidever et al. (2010). locations with respect to the Large and Small Magellanic Clouds and the gaseous Magellanic Stream. Koposov et al. (2015) finds that Hor I, Pic I and Phe II have similar half-light radii (r h,HorI = 30 +4.4 −3.3 pc, r h,PicI = 29 +9.1 −3.3 pc, r h,PheII = 26 +6.2 −3.9 pc), with Hor I and Phe II residing at approximately the same heliocentric distance (79 and 83 kpc, respectively). Gru I is roughly double the physical size of the other objects (r h,GruI = 62 +29.8 −13.6 pc) and along with Pic I they are both about twice as distant as the Magellanic Clouds (D = 120 and 114 kpc, respectively).
With the recent release of the Gaia DR2 catalogue, some of the ultra-faint dwarf galaxy candidates now also have proper motions associated with them. For our sample, Hor I and Gru I both have five member stars each in the catalogue published by Fritz et al. (2018a) and Phe II has six stars (Fritz et al. 2018b) . The authors concluded that Hor I and Phe II are co-orbiting relative to the majority of classical Milky Way satellites, while Gru I is counterorbiting with respect to that group. There are no data available on Pic I yet.
As can be seen in Bechtol et al. (2015) and Koposov et al. (2015) , the discovery data drawn from DES has a typical limiting magnitude of g ∼ 23 reaching, at best, the subgiant branch of the stellar population. Given the low total luminosity of these ultrafaint stellar systems they statistically have very few stars brighter than this limit. The relatively shallow depth of the photometry then impacts on the accuracy to which the primary properties of these objects can be measured. Here we present the deeper photometry necessary to trace the low-mass stellar members several magnitudes below the main sequence turn-off (MSTO). Achieving high photometric accuracy with these stars significantly improves our ability to constrain the size, shape and chemistry of the ultra-faint systems, and search for signs of tidal disturbance. As with Conn et al. (2018a,b , hereafter Paper I, II), this paper seeks to provide the best possible constraints on these ultra-faint systems and to shed more light on their true nature.
In Section 2, we introduce the data, discuss the reduction procedures, photometric calibration and artificial star experiments. In Section 3, we describe the process by which we determine the parameters for each object and in Sections 4, 5, 6 and 7 we present the results. Section 8 is the discussion and Section 9, the summary. Appendix A contains additional information related to the artificial star experiment.
OBSERVATIONS AND DATA REDUCTION
The imaging data were obtained using the Gemini Multi-Object Spectrograph South (GMOS-S) mounted on the 8m Gemini South Telescope through Program ID: GS-2016B-Q-7. In accordance with the Gemini Observatory standards, the observing conditions under which they were taken were dark, clear skies (SB50 4 /CC50 5 ) combined with atmospheric seeing that was typically better than 0.6 arcsecond at zenith (IQ20 6 ). The observations took place on the nights of 2016 August 31, September 27 and October 6 (see Table 2 ). IQ20 conditions allow us to utilise the 1 × 1 binning mode of GMOS-S and to thereby take advantage of its finest pixel scale (0. 08 per pixel). The field of view for GMOS-S is 5. 5 × 5. 5 and each object was observed using the g-band (g_G0325) and r-band (r_G0326) consisting of a short 60s exposure centred on the target followed by three dithered exposures of 600s each. The panels in Figure 2 present the false-colour images of the co-added frames for HorI, PicI, GruI and PheII, respectively.
The data reduction proceeded in two phases with the generating master biases and master twilight flats, bias subtraction and flat fielding, astrometry and co-addition performed using the theli pipeline (Erben et al. 2005; Schirmer 2013 ). While the point spread function (PSF) photometry was undertaken on the co-added frames using dolphot (Dolphin 2000) .
Photometric Calibration
To calibrate the dolphot photometry we cross-matched the instrumental magnitudes with APASS 7 (Henden et al. 2015) calibrated DECam photometry 8 . After removing hot pixels, extended objects and those with large photometric errors, the resulting subset was fit with a linear function to determine the colour term, zero point offset and atmospheric extinction correction for calibration. As per Papers I and II of this series, the colour term has been fixed for all fields along with a nominal zero point of 30.0 magnitudes leaving only a offset needed for each filter to correct the photometry. Table 3 lists the colour terms and offsets, along with their corresponding errors, used to calibrate the data.
Artificial Star Experiments
To determine the photometric completeness of our data, we performed an artificial star experiment on each field. dolphot injects 4 SB50 -Sky Brightness 50 th percentile 5 CC50 -Cloud Cover 50 th percentile 6 IQ20 -Image Quality 20 th percentile 7 The AAVSO Photometric All-Sky Survey 8 DECam photometry generated using the procedures outlined in Kim & Jerjen (2015b) . each artificial star individually into a randomised pixel position and then attempts to recover that star using the same parameters as those used in generating the science catalog. In total we used around 500,000 artificial stars in each field which yields approximately 5000 stars per 0.1 magnitude bin. The histogram generated from the ratio of recovered stars to input stars is then fit with a logistic function to compute the 50% completeness level. The logistic function has the following form:
(1)
where m is the magnitude, mc is the 50% completeness value and λ is roughly the width of the rollover. For the error: N is the number of artificial stars per bin and C is the completeness in that bin. Figure 3 shows the photometric completeness plots and Table 4 lists the best-fitting logistic function parameters for each filter and field.
Colour-Magnitude Diagrams
The panels in Figure 2 .3 show the extinction-corrected (g − r)
• vs. g • colour-magnitude diagrams (CMDs) of the entire GMOS-S fields using all detections classified as stars from our photometric analysis (see §2.1) that were found in the vicinity of each ultrafaint stellar system. The calibrated photometry was corrected for Galactic extinction based on the reddening map by Schlegel et al. (1998) and the correction coefficients from Schlafly & Finkbeiner (2011) . The CMDs reveal stars ∼ 4 magnitudes fainter than the main-sequence turn-off (MSTO) and down to the 50% completeness level g lim ∼ 26. The rectangular windows correspond to the colour-magnitude range presented in the discovery papers by Bechtol et al. (2015) and Koposov et al. (2015) .
PARAMETER ANALYSIS
For determining the fundamental properties of each ultra-faint stellar system, ie. mean age, mean metallicity [Fe/H] , the [α/Fe] avg ratio, heliocentric distance (D ), central coordinates (α 0 , δ 0 ), position angle from north to east (θ), ellipticity ( = 1 − b/a) and half-light radius (r h ) we employed an iterative process. First, we established the Dartmouth model isochrone ) that best fits the CMD of the entire GMOS-S field (Figure 2. 3) using the maximum likelihood (ML) method introduced in Frayn & Gilmore (2002) . This method was used in our previous studies (Kim & Jerjen 2015a; Kim et al. 2015a Kim et al. , 2016a . We calculated the maximum-likelihood values L i over a grid of Dartmouth isochrones as defined by Equations 1 and 2 in Fadely et al. (2011) . The grid points in the multi-dimensional parameter space cover ages from 7.0-13.5 Gyr, a broad range of chemical composition
.6 dex, and a distance interval (m − M) ± 0.5, where (m − M) is the mean value of the distance modulus for the object reported in the discovery papers. Grid steps were 0.5 Gyr, 0.1 dex, 0.2 dex, and 0.05 mag, respectively. For each object, we present the matrix of likelihood values after interpolation and smoothing over two grid points in Figures 8, 15, 19, and 23 . The best fitting model isochrone was then used to identify stars that are sufficiently close to the stellar population of the object in colour-magnitude space. These stars were defined to have a g * -band magnitude in the interval 19.5 < g • < 27.0 and a colour (g * −r * ) that Figure 2 . False colour RGB images of the ultra-faint dwarf galaxy candidates Hor I, Pic I, Gru I, and Phe II (left to right, top to bottom) produced from deep GMOS-S images. The contrast has been stretched in an attempt to highlight the stellar populations of each system. The g-band co-added image was used for the blue and the r-band co-added image for the red channel. Each field is approximately 3. 5 × 3. 5, the ruler in the lower left corner has a length of 30 arcsec and the orientation of the CCDs can be found in the top left corner. Table 2 . Observing Log of GS-2016B-Q-7.
fulfil the requirement:
where (g − r) iso is the colour of the model isochrone at g * and σ 2 tot = σ 2 int + σ 2 g * + σ 2 r * . The quantity σ int = 0.1 mag was chosen as the intrinsic colour width for the isochrone mask and σ 2 g * , σ 2 r * are the photometric uncertainties of a star. Restricting the measurement of the parameters α 0 , δ 0 , θ, , r h on this sub-sample reduces the level of contamination in the R.A.-DEC distribution and thus significantly increases the number ratio between member stars of the stellar system and foreground.
To determine the centre coordinates (α 0 , δ 0 ) and structural parameters of the stellar system we employed the ML routine from • colour-magnitude diagrams of all stars detected in the 5. 5 × 5. 5 GMOS-S field centred on Hor I, Pic I, Gru I, and Phe II (from left to right). The rectangular areas correspond to the colour-magnitude windows presented in the discovery papers (Koposov et al. 2015; Bechtol et al. 2015) . The CMDs reveal distinct main sequence populations extending over ∼ 3 − 4 magnitudes down to g ∼ 26.0 − 26.6. The error bars running vertically along the colour axis in 1 mag intervals represent the typical photometric uncertainties. The 50% completeness levels are given as a dashed line. Table 3 . Colour terms and photometric offsets derived from comparison with APASS calibrated DES photometry. All instrumental photometry assumed a zero point of 30.00 for both filters prior to the offsets being applied.The offset values listed are a combination of the true zero point correction and the atmospheric extinction correction. Figure 5 . Sky distribution of all stars within the mask defined by the bestfitting isochrone at the Hor I CMD (for more details see §3). The concentration of Hor I stars are clearly visible in the centre of the field. The two ellipses have a position angle of 68 • and a semi-major axis length of 1r h and 2.32r h , respectively. They cover the areas that contains 50 and 90 percent of the Hor I stellar population, assuming an exponential radial profile. The open red circles are AllWISE catalogue objects (Wright et al. 2010; Cutri et al. 2013) , scaled by their W1 magnitudes. They highlight positions of bright foreground stars and background galaxies. The solid line points in the direction of the LMC. Martin et al. (2008) , which was previously used by us e.g. in Kim et al. (2016a) based on the likely member stars, i.e. stars that are within the isochrone mask. We used a 2-dimensional elliptical exponential profile plus foreground:
to model the member star distribution on the sky where
is the elliptical (semi-major axis) radius and (x, y) the spatial position of a star, the ellipticity of the distribution, θ the positional angle of the major axis, r h is the half-light radius, Σ • the central star density, and Σ f the foreground star density. Based on the first estimates for these quantities we constructed a new CMD from stars that are within an ellipse with a semi-major axis length a = 2.32r h , semi-minor axis length b = a(1− ) and position angle θ of the nominal centre of the stellar overdensity. Assuming an underlying exponential profile, this area contains 90 percent of the total number of member stars and we refer to it as the 90% ellipse in the following sections. We then re-calculated refined values for age, [Fe/H] , [α/Fe] and D , and generated the associated isochrone mask to recalculate α 0 , δ 0 , θ, and r h . This process of measuring the two sets of parameters typically converged to the final values after 2-3 iterations. We finally estimate the number of stars N * that belong to the overdensity with Equation 5 from Martin et al. (2008) . All parameters derived in this section are summarised in Tables 5, 6 , 7, and 8. We will discuss the results for Hor I in §4, Pic I in §5, Gru I in §6, Phe II in §7, respectively.
PROPERTIES OF HOROLOGIUM I (DES J0255.4-5406)
Hor I is located at the edge of the HI Magellanic Stream (Figure 1 ), equiangular from both the Large and Small Magellanic Clouds (∼ 23 degrees). While the preliminary distance estimates from Bechtol et al. (2015) and Koposov et al. (2015) are consistent (∼79 vs 87 kpc), Bechtol et al. (2015) predict a much larger physical size of the system than that reported by Koposov et al. (2015) (r h ∼30 vs 60 pc). Despite this, both teams derive a similar total absolute magnitude (M V ∼ −3.5 vs −3.4 mag). To resolve these discrepancies and to obtain additional age and metallicity information for the underlying stellar population, this section presents the analysis of our deeper photometry using the procedures as outlined in Section 3. The on-sky distribution of the Hor I stars and their corresponding radial density profile are shown in Figures 5 and 4 . The stellar population inside the 90% ellipse is used to generate a colour-magnitude diagram for isochrone fitting (Figure 7 ), infer the luminosity function ( Figure 11 ) and estimate the system's absolute magnitude. Figures 9 and 10 explore the possibility of two stellar populations in Hor I, while Figure 8 shows the best-fit solution in age-metallicity space for the entire stellar population. The parameters for Hor I are listed in Table 5 . Figure 5 shows the distribution of all objects classified as stars in the GMOS-S field centred on Hor I that are consistent with the best-fitting isochrone (for more details see §3). A well-defined concentration of Hor I stars is visible at α 0 = 02 h 55 m 28. s 3, δ 0 = −54 • 07 17 . The increased number statistics from this study also reveals the existence of faint features such as low density substructure beyond the half-light ellipse to the south of the centre, which could not be detected in previous shallower photometric surveys. We derive a position angle of θ = 68 • ± 9 • and an ellipticity = 0.33±0.08. These structure parameters remained previously undetermined. The two ellipses have a semi-major axis length of 1r h The best-fitting isochrone puts Hor I at a distance of 68±3 kpc from the Sun, slightly closer than the initial estimates from Bechtol et al. (2015) and Koposov et al. (2015) which, in turn, places it within proximity to the Magellanic Clouds. It is only ∼29 kpc from the LMC and ∼26 kpc from the SMC. Figure 4 shows the star number density in elliptical annuli around Hor I, where r e is the elliptical radius. Overplotted is the best-fitting Exponential (black dotted) profile using the modal values from the ML analysis. The error bars were derived from Poisson statistics. The associated elliptical half-light radius is r h = 22.8 +4 −3 pc, confirming the relative compactness of Horologium I as reported by Koposov et al. (2015) . The values for the structure parameters are listed in Table 5 .
Structural Parameters

Stellar Population of Hor I
The left panel of Figure 7 shows the colour-magnitude diagram of all stars within 2.32r h of the centre of Hor I. The middle panel is the CMD of field stars outside the 90 percent ellipse, covering the same area. The right panel shows the Hess diagram for the foreground-corrected Hor I CMD with two Dartmouth isochrones superimposed, which we will discuss in the following. We note that the statistical foreground decontamination was performed the same way as in Paper I & II. The isochrone which best represents the bulk of the Hor I population, the one with the brighter subgiant branch (SGB), has an age of 13.7 Gyr, a metallicity of [Fe/H]= −2.40 dex and [α/Fe]= +0.2 dex, shifted to a distance modulus of m − M = 19.18 mag (D = 68 kpc). Figure 8 shows the smoothed maximum likelihood density map of the age-metallicity space and the location of the best-fit is highlighted with a cross. The stars used to generate this map were selected from inside the 90% ellipse as seen in Figure 5 .
Looking at the Hor I CMD more closely we notice the subgiant branch region exhibits some level of bimodality. The top panel of Figure 9 shows a zoomed version of the CMD around the MSTO and subgiant branch. To further investigate this feature we divided these stars into two groups colour-coded in purple and red. The choice of the two groups of stars is done by-eye, and it is intended to demonstrate that these two groups correspond to two distinct sub-populations. The black dots are considered foreground stars. We determined the best-fitting Dartmouth isochrone over the entire Hor I CMD, while restricting the fit to the purple or red stars in the MSTO/subgiant branch region (21.7 < g o < 23.6), respectively. A change in metallicity and in α-abundance is able to account for the difference. The smaller subpopulation of 28 MSTO/subgiant branch stars colour coded in red follows a [Fe/H]= −2.00 dex, [α/Fe]= +0.4 dex, age= 14.00 Gyr isochrone, whereas the 64 stars in purple are consistent with the median solution that best described the entire population: [Fe/H]= −2.40 dex, [α/Fe]= +0.2 dex, age= 14.00 Gyr. The bottom panel of Figure 9 shows the R.A.-DEC distribution of these Hor I stars using the same colour code. Like in Figure 5 , the two ellipses have radii of 1r h and 2.32r h , respectively. The purple stars appear to be more concentrated towards the centre of Hor I. To test the significance of this impression we plot in Figure 10 the cumulative distribution functions for the two groups of Hor I MSTO stars. The stars that follow the more metal-poor isochrone (blue line) are systematically closer to the galaxy centre than the stars following the isochrone with a metallicity of −2.00 dex. The maximum offset between the two cumulative distributions is ∆ = 0.3504. The corresponding p-value computed from a Kolmogorov-Smirnov comparison test is 0.012. Hence, the null hypothesis that the two subsamples are drawn from the same population can be rejected at the 98.8% confidence level.
Hor I is the first ultra-faint dwarf galaxy candidate to our knowledge to show the presence of two distinct stellar populations. They are both centred on the Hor I overdensity and yet it is unclear if these correspond to two bursts of star formation leading to different enrichment levels or a possible merger event early in the life of Hor I between two stellar populations with differing chemical compositions. Evidence of subgiant branch splitting/broadening in Milky Way globular clusters has been presented by Cassisi et al. (2008); Milone et al. (2010) and Piotto et al. (2012) . For instance, the subgiant branch region of globular clusters NGC6388 and NGC6715 in Figure 3 of Piotto et al. (2012) show a similar morphology. The authors suggest that the difference between the two stellar populations is either a 1-2 Gyr age difference or highly contrasting C+N+O content levels. In these studies they find that the population ratio varies from an almost 50-50 split, to another case of 97% in the dominant population. In the case of Hor I, we observe an approximate 2.3:1 ratio and the errors on the age estimates could account for a 1-2 Gyr age difference. Additionally, our best-fit isochrones are consistent with both an [Fe/H] and an [α/Fe] abundance variation between the two subgiant branches. All these pieces of information favour the possibility that Hor I has undergone at least two star formation events, the second triggered by galactic outflow and stellar feedback, rather than a ultra-faint to ultra-faint merger event. In this case, it raises questions on how this occurred given how small the Hor I system is today. What conditions would be necessary to facilitate such an event without destroying the object in the process? Smoothed maximum likelihood density map in age-metallicity space for all stars within the 90% ellipse around Hor I. Contour lines show the 68%, 95%, and 99% confidence levels. The diagonal flow of the contour lines reflects the age-metallicity degeneracy inherent to such an isochrone fitting procedure. The 1D marginalized parameters around the best fit with uncertainties are listed in Table 5 .
Luminosity Function and Total Luminosity
The stellar luminosity function of Hor I has been derived and is presented in Figure 11 . We calculated the integrated light by comparing the completeness-corrected observed LF with the Dartmouth model LF that corresponds to the best-fitting isochrone of 13.7 Gyr, [Fe/H]= −2.40, and [α/Fe]= +0.2. We measured a total g-band luminosity of M g = −3.25±0.1. The two integrated Dartmouth model LFs in g and V have a colour of g − V = 0.33, which convert the M g 
magnitude into M V = −3.58. Since this method relies on the overall shape of the LF instead of individual flux, the inclusion or exclusion of a single bright star as observed in the luminosity function carries a uncertainty typically up to ∼ 0.3 mag. All derived parameters presented in this section are summarised in Table 5 . 
PROPERTIES OF PICTOR I (DES J0443.8-5017)
Pic I is an outer MW halo system and can be found ∼20 degrees from the Large Magellanic Cloud and ∼33 degrees from the Small Magellanic Cloud (Figure 1) . Interestingly, its reported heliocentric distance of ∼120 kpc places it equidistant from the Magellanic Clouds (∼83 kpc). Unlike Hor I, Pic I has no line-of-sight overlap with the HI Magellanic Stream and is well isolated on the sky. It is roughly the same size and has a similar luminosity as the other satellites presented here (r h ∼ 30 pc, M V = −3.1). Figure 12 presents the on-sky distribution and density map of the Pic I stars selected based on their proximity to the best-fitting isochrone. Overall, it is a well defined system with a mildly elliptical distribution. The inner ellipse of the best-fitting 2D-model has a Figure 10 . The cumulative distribution functions for the two subsamples of Hor I stars. The MSTO/subgiant stars that follow the more metal-poor (−2.40 dex) isochrone (blue line) are found systematically closer to the galaxy centre than the stars following the isochrone with a metallicity of −2.00 dex. The maximum vertical offset is ∆ = 0.3504 and the corresponding p-value for a Kolmogorov-Smirnov comparison test is 0.012. The null hypothesis that the two subsamples were drawn from the same population is rejected at the 98.8% confidence level. semi-major axis length of 1r h and contains 50% of the Pic I stellar population, while the outer ellipse has a semi-major axis length of 2.32r h and contains 90% of the Pic I stars. To highlight bright foreground stars and background galaxies, sources from the AllWISE survey are overplotted on the field (open red circles) where the size of the circle is proportional to the apparent magnitude of the object. Figures 13 shows the star number density profile of Pic I, where r e is the elliptical radius. Overplotted are the best-fitting Exponential profile (black dotted) using the modal values from the ML analysis. The error bars were derived from Poisson statistics. We derived a position angle θ = 75 • ± 3 • , an ellipticity = 0.21 +0.04 −0.06 and half-light radius of r h = 22.8 +4 −3 pc. The values for the structure parameters are listed in Table 6 . Figure 14 (left panel) shows the colour-magnitude diagram of all stars within 2.32r h of the centre of Pic I. The middle panel, as per Figure 7 , is the CMD of field stars outside the 90 percent ellipse, covering the same area. The right panel shows the Hess diagram for the foreground-corrected Pic I CMD with the best-fitting Dartmouth isochrone superimposed. We note that the statistical decontamination was performed the same way as for Hor I. Figure 15 shows the smoothed maximum likelihood density map of the age-metallicity space and the location of the best-fit is highlighted with a cross. The stars used to generate this map were selected from inside the 90% ellipse as seen in Figure 12 . Similar to Hor I, Pic I consists of an old (11.8 Gyr), metal-poor ([Fe/H]= −2.28) stellar population with [α/Fe] avg = +0.2. Pic I is at a heliocentric distance of 110 kpc (m − M = 20.20 mag). Based on its CMD, Pic I appears to be a less luminous system than Hor I.
Structural Parameters
Stellar Population
Luminosity Function and Total Luminosity
The total luminosity of Pic I has been derived in the same manner as Hor I ( §4.3) and presented in Figure 16 . We calculated the integrated light by comparing the completeness-corrected observed LF with the Dartmouth model LF that corresponds to the best-fitting isochrone of 11.8 Gyr, [Fe/H]= −2.28, and [α/Fe]= +0.2. We measured a total g-band luminosity of M g = −1.75 ± 0.2. The integrated Dartmouth model LFs in g and V have a colour of g − V = 0.30, which convert the M g magnitude into M V = −2.05. For the same reasons as outlined in §4 a more realistic estimate for the uncertainty of the total luminosity of Pic I is σ M V = 0.50. We also note Figure 16 ) would increase the total absolute magnitude to M V = −2.40 mag, well within the quoted uncertainty. All derived parameters presented in this section are summarized in Table 6 .
PROPERTIES OF GRUS I
Like the grouping of the newly discovered ultra-faint satellite candidates Tuc II, Tuc III, Tuc IV, Tuc V, Gru II, and Phe II, Gru I is situated on the connection line between LMC and SMC, approximately ∼46 degrees away from the LMC and ∼26 degrees from the SMC. At our derived heliocentric distance D = 115 ± 6 kpc, Gru I is around 94 kpc from the LMC and 69 kpc from the SMC. Given these relatively large distances it would appear that Gru I is Figure 15 . Smoothed maximum likelihood density map in age-metallicity space for all stars within the 90% ellipse around Pic I. Contour lines show the 68%, 95%, and 99% confidence levels. The diagonal flow of the contour lines reflects the age-metallicity degeneracy inherent to such an isochrone fitting procedure. The 1D marginalized parameters around the best fit with uncertainties are listed in Table 6. an outer MW halo system unrelated to the Magellanic Clouds in the foreground. Figure 17 shows the stellar distribution corresponding to the bestfit isochrone seen in the top right panel of Figure 18 . The increased number statistics in the density map resolves the central region of Gru I and reveals that the system is not made up of a well defined central concentration, but rather consists of two smaller stellar over- . densities that are distributed on either side of the centre of mass at (α − α 0 ), (δ − δ 0 )=(0,0) in Figure 17 . We calculated the centre of mass by allocating each Gru I star its stellar mass with the help of the best-fitting Dartmouth isochrone. The two substructures reside within a broader Gru I stellar population that extends beyond the GMOS-S field of view. The overdensities are spatially extended suggesting they may have been tidally distorted. The line drawn on Figure 17 points into the direction of the Large Magellanic Cloud. The values for the central coordinates (α 0 , δ 0 ), position angle (θ), ellipticity ( ), and half-light radius (r h ) given in Table 7 are taken from Koposov et al. (2015) . The other parameters including the stellar properties have been determined as part of our analysis. Figure 17 . The central region of Gru I contains two stellar over-densities on either side of the centre of mass (white star). The two ellipses have a position angle of 4 • and ellipticity of = 0.41 adopted from Koposov et al. (2015) . The semi-major axis lengths are 1r h = 1.77 arcmin and 2.3r h , respectively, where r h was taken from Koposov et al. (2015) . The outer ellipse borders the region that contains 90 percent of the Gru I stellar population and is larger than the GMOS-S FoV. The open red circles are objects from the AllWISE catalogue (Wright et al. 2010; Cutri et al. 2013 ), scaled to reflect their magnitudes. These objects highlight the position of the bright objects in the field both foreground stars and background galaxies. The solid line points in the direction of the LMC.
Structural Parameters
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Stellar population
Grus I has a very clear stellar population visible in the GMOS-S field as shown in Figures 2.3 and 18 , where there is a significant overdensity of main sequence stars below the turn-off region around g • > 23.6. Gru I has a sparsely populated but well-defined Red Giant Branch (RGB) and from the isochrone-fitting results (Figure 19) , it is an old and metal-poor stellar population. Indeed, given that the best-fitting isochrone is at the extreme limits of the age-metallicity range of the Dartmouth isochrone models, it is conceivable that Gru I is even more metal-poor than we are able to estimate here.
The central region of Gru I consists of two small stellar overdensities distributed on either side of the centre of mass. The presence of these two overdensities could be due to Gru I having been tidally disrupted recently, or perhaps they are evidence of multiple stellar populations within this system. In the following, we will refer to the overdensity at [(α − α 0 ), (δ − δ 0 )] ≈ [+0.2, −0.5] as Gru Ia and the overdensity at ≈ [−0.6, +0.8], as Gru Ib. The separation between the two cores is approximately 52 pc, with Gru Ia having physical dimensions of ≈ 22 × 25 pc and Gru Ib ≈ 13 × 28 pc as estimated from the yellow isodensity contours in Figure 17 .
Investigating the stellar populations of each component separately, we select all 67 Gru Ia stars inside the yellow isodensity contour and plot their CMD in Figure 18 (lower left) and all 62 Gru Ib stars in Figure 18 (lower right). The isochrone in each case is the best-fit isochrone for the entire Gru I population ( Figure 19 ) and it is well matched to these sub-regions. A possibility for the presence of these overdensities could be that Gru Ia and Gru Ib represent two halves of a larger star formation event in Gru I that have maintained coherency through the lifetime of Gru I, perhaps through rotation support or that Gru Ia and Gru Ib were formed in response to recent external tidal forces exerted on the system forcing stars out of centre of mass and into these nascent tidal arms. The alignment of the features with the direction of the LMC (black line in Figure 17 ) is worth noticing in this context and is suggestive of a tidal origin. That possibility will be considered further in the discussion ( §8). Figure 19 . Smoothed maximum likelihood density map in age-metallicity space for all stars within the 90% ellipse around Gru I. Contour lines show the 68%, 95%, and 99% confidence levels. The diagonal flow of the contour lines reflects the age-metallicity degeneracy inherent to such an isochrone fitting procedure. The 1D marginalized parameters around the best fit (cross) with uncertainties are listed in Table 7 . The peak of the ML density map is located in the upper-left corner marked by a cross. Table 7 . Properties and structural parameters of Gru I. The coordinates (α 0 , δ 0 ) are the centre of stellar mass. The values for the position angle (θ), ellipticity ( ), and half-light radius (r h ) were taken from Koposov et al. (2015) . See §3 for details on the listed parameters. 
20.30 ± 0.11 D (kpc) 115 ± 6 age (Gyr) 14.0 +1.0
PROPERTIES OF PHOENIX II (DES J2339.9-5424)
Phe II is the closest of the four study objects to the SMC (∼20 degrees) and is about 39 degrees from the LMC. With a reported heliocentric distance of ∼80 kpc, Phe II is approximately 32 kpc from the SMC and 54 kpc from the LMC. As can be seen in Figure 1 , like Hor I, it resides in the outskirts of the HI gas component from the Magellanic Stream, raising the possibility that both of these systems might be part of the Magellanic Cloud satellite group.
Structural Parameters
Phe II's stellar density map shows remarkably clear evidence of tidal stripping (Figure 20 ) with a nearly symmetrical and elongated distribution of stars extending on either side of a compact centre Smoothed maximum likelihood density map in age-metallicity space for all stars within the 90% ellipse around Phe II. Contour lines show the 68%, 95%, and 99% confidence levels. The 1D marginalized parameters around the best fit (cross) with uncertainties are listed in Table 8. reaching beyond the half-light radius and following the S-shaped characteristic of mass-loss found around tidally disturbed globular clusters like Pal 5 (Rockosi et al. 2002; Odenkirchen et al. 2003; Grillmair & Dionatos 2006) , NGC 5466 (Belokurov et al. 2006) , Eridanus 3, Pal 15 (Myeong et al. 2017) and NGC 7492 (Navarrete et al. 2017) . As demonstrated by the black line in Figure 20 , Phe II's tidal arms are well aligned with the direction of the Large Magellanic Cloud. Uncovering the complex morphology of Phe II's stellar structure demonstrates that the true size of Phe II is significantly smaller than the initial estimates. Its true half-light radius is r h = 12.6 ± 2.5 pc, less than half the size quoted in previous studies (≈ 33 pc). Our distance estimate, on the other hand, is consistent with the literature where we find Phe II resides at D = 81 ± 5 kpc. To avoid our ellipticity and position angle measurements be- ing heavily influenced by the tidal arms, these estimates are derived from those stars inside the yellow isodensity contour line seen in Figure 20 . Figure 22 shows the radial profile of Phe II traced out to r e = 2 arcmin. The shape of the profile demonstrates that the star counts decrease smoothly over this angular distance and reach the forground level only at r e ≈ 1.6 arcmin. Figure 21 presents the Phe II colour-magnitude diagrams for all stars within the best-fitting ellipse (Figure 20) on the left and the associated Hess diagram on the right. We note that no subtraction of foreground stars was conducted due to the complexity of the Phe II morphology. The foreground contamination is expected to be small, given the objects Galactic latitude of b = −58 • .2. The best-fit isochrone is overlayed on the Hess diagram along with the locations of stars with stellar masses corresponding to 0.75 M , 0.7 M and 0.65 M . The location of the best-fit isochrone can be seen in age-metallicity space in Figure 23 . Like other ultra-faint dwarf candidates, Phe II consists of an old and significantly metalpoor stellar population ([Fe/H]= −2.10 +0.25
Stellar Population
) with an enhanced alpha abundance ([α/Fe]= +0.2 ± 0.2).
Luminosity Function and Total Luminosity
The total luminosity of Phe II has been derived in the same manner as Hor I ( §4.3) and presented in Figure 24 . We calculated the integrated light by comparing the completeness-corrected observed LF with the Dartmouth model LF that corresponds to the best-fitting isochrone of 13.5 Gyr, [Fe/H]= −2.10, and [α/Fe]= +0.2. We measured a total g-band luminosity of M g = −2.35 ± 0.2. The integrated Dartmouth model LFs in g and V have a colour of g − V = 0.29, which convert the M g magnitude into M V = −2.74. For the same reasons as outlined in §4 a more realistic estimate for the uncertainty of the total luminosity of Phe II is σ M V = 0.50. All derived parameters presented in this section are summarized in Table 8 . Table 8 . Derived properties and structural parameters of Phe II, see §3 for details on the listed parameters. We note that the values quoted for θ, , and r h refer to the core region of Phe II as outlined by the yellow isodensity contours in Figure 20 . † -values for central core. 
19.55 ± 0.12 D (kpc) 81 ± 5 age (Gyr) 13.5 +0.5
Size-Luminosity and Luminosity-Metallicity relations
In Figures 25 and 26 , we present the updated size-luminosity and luminosity-metallicity planes for the Milky Way satellite population with the objects discussed in this paper shown in blue. Confirmed dwarf galaxies and ultra-faint candidates are shown as black filled circles and globular clusters as open circles. The "Trough of Uncertainty" (grey-shaded region in Fig. 25 , TUC) from Conn et al. (2018a) highlights the locations of Tuc V and Cet II. Both objects were shown not to be ultra-faint dwarf galaxies but most likely SMC halo stars (Tuc V) or part of the Sagittarius tidal stream in the case of Cet II (Conn et al. 2018a,b) . Objects to the left of TUC, with radii typically smaller than ∼ 10 pc, are exclusively star clusters and plotted as diamonds. Objects with half-light radii larger than r h ∼ 20 pc are dwarf galaxies. Draco II remains the only object residing in the TUC region. It was classified as disrupting dwarf galaxy based on a recent study by Longeard et al. (2018) . A few ultra-faint systems are labeled with their names, including the four systems of our present study and the most recently discovered two neighbouring satellites Carina II & III (Torrealba et al. 2018 ).
In the luminosity-metallicity plane (Figure 26 ) where we use the same symbols as in Figure 25 , we find that the stellar systems with half-light radii to the RHS of the TUC generally follow the metallicity-luminosity relation for dwarf galaxies while those below the TUC do not. This hints at either the possibility of a size boundary limit for dwarf galaxies occurring on scales between r h ≈ 10 − 20 pc or this is the limit where tidal stripping and the associated mass-loss move these objects to the left of the LZ-relation.
Our derived size and luminosity of Hor I is largely consistent with Koposov et al. (2015) and Bechtol et al. (2015) keeping Hor I in the portion of the size-luminosity plane where the other ultrafaint dwarfs reside. It remains on the larger side of the gap opened up by Tuc V and Cet II when they were rejected as bona fide dwarf galaxies or star clusters in Papers I & II. We do however measure a slightly higher value for the mean metallicity of the stellar pop- dex), which is statistically consistent with the spectroscopic metallicity originally reported in (Koposov et al. 2015b , −2.76 ± 0.10 dex). This refinement shifts Hor I closer onto the luminosity-metallicity relation for dwarf galaxies (Figure 26 ). Given the new set of parameters for Hor I, we conclude that it is most likely an ultra-faint dwarf galaxy.
Pic I has a half-light radius slightly larger but better constrained than that of Phe II (12.9 +0.3 −0.2 pc vs 12.6±2.5 pc). Compared to Gru I, it has roughly the same heliocentric distance (110±4 kpc vs 115±6 kpc) but is a significantly smaller and more compact system. It is slightly more metal-poor than Phe II (−2.28 +0.30 ) but more metal-rich than the other two satellites. This places Pic I off the dwarf galaxy luminosity-metallicity relation ( Figure 26 ) suggesting it is a star cluster.
Due to its large angular size compared to the GMOS-S field, we were unable to accurately constrain a half-light radius for Gru I. However, the isochrone fitting provides a better distance estimate of D = 115 ± 6 kpc. Utilising the depth of the GMOS-S data, we find Gru I to have an extreme stellar population such that the age (14.0 ± 1.0 Gyr) and metallicity ([Fe/H]= −2.5 ± 0.3) are at the limits of the parameter space covered by the Dartmouth isochrone models ( Figure 19) . As with the other objects, Gru I also has a Figure 26 . The luminosity-stellar metallicity plane for classical Milky Way satellite galaxies complemented with data for ultra-faint satellites from the literature and our study. Symbols are the same as in Figure 25 . The black and two dotted lines represent the least-squares fit and 1σ rms from Kirby et al. (2013) , based on spectroscopically studied stars in 14 dwarf galaxies (Segue 2 was excluded). Phe II and Pic I do fall just outside of the 1σ confidence band. Hor I and Grus I are found fully consistent with the LZ-relation for dwarfs. ADD DRACO II new parameters raised alpha abundance ([α/Fe]= +0.2 ± 0.1). Like Hor I, we find Gru I to be consistent with the luminosity-metallicity relation for dwarf galaxies.
Phe II is perhaps the clearest example of an ultra-faint dwarf galaxy candidate losing mass through tidal stripping. It is thus not surprising that this system has a relative small half-light radius and its metallicity/luminosity are inconsistent with the LZ relation. Phe II resembles closely a tidally disturbed outer halo star cluster.
Alignments of Tidal Features
As shown in Figures 12, 17 and 20, there are extended substructures detected in the stellar distribution of Pic I, Gru I, and Phe II, which are roughly aligned with the direction of the Large Magellanic Cloud. In the case of Pic I, there a number of low-level overdensities which appear arranged to the north and south of the core. In Grus I, it is the alignment of the two sub-cores that reside symmetrically around the centre of mass and in Phe II, it is the Sshaped tidal arms. It seems these features have been formed by tidal forces from interactions with the LMC. To explore this possibility further, we take the precise alignment of these features and draw a great circle through them. For Pic I, we connect the great circle through the two symmetric overdensities located around [(α − Figure 27 . Sky distribution of ultra-faint satellites around the Magellanic Clouds. The dotted lines are great circles aligned with the tidal features detected in Pic I, Gru I and Phe II. All three follow closely the direction of the Magellanic Stream and intersect at the LMC. This suggests that each of these objects is or was a satellite of the Large Magellanic Cloud.
For Grus I, the great circle passes through the two sub-cores (Grus Ia and Grus Ib) and for Phe II, the great circle joins the overdense regions at the starting point of the s-shaped tidal tails (yellow isochrones), which are located at
Remarkably, despite each of these objects having heliocentric distances which far exceed that of the current location of the LMC, they all have extended stellar material which is pointing towards the LMC. This is highly suggestive that these objects are, or once were, members of the LMC satellite system and that the LMC has been actively disrupting those satellites. It seems we are witnessing the tail end of the hierarchical galaxy formation process, a satellites of satellites merger scenario whereby ultra-faint dwarf galaxy candidates are contributing material to the halo of a dwarf galaxy and now to our own Milky Way.
With the recent release of the Gaia DR2, Simon (2018) finds that Hor I, along with Hydrus I (Koposov et al. 2018 ), Carina III (Torrealba et al. 2018 and Tucana II Koposov et al. 2015) have orbits which suggest they are or were Magellanic Satellites. Curiously, of the four satellites presented in this paper, all of them appear likely to be LMC satellites, although Hor I is the only one which does not show obvious tidal features in its stellar distribution. This is somewhat surprising given that Hor I is the closest to the LMC of the four objects. Simon (2018) report that Hor I is likely very close to its pericentric passage (87 +12 −15 kpc) which is further, but not inconsistent with our current distance estimate of 68±3 kpc. Fritz et al. (2018a) finds that the current velocity of Hor I does not exceed the escape velocity of the Milky Way assuming an NFW halo (Navarro et al. 1997 ) with a virial mass of 0.8 × 10 12 M and with this information we can be sure that Hor I is now a bound satellite of the Milky Way.
Interestingly, while Pic I does not have the signature tidal arms that are visible in Phe II, there are two lower significance overdensities that appear symmetrically around the core of Pic I that can be found at Figure 12 . Those two overdensities are aligned with the Large Magellanic Cloud suggesting that Pic I has also undergone some level of tidal disruption due to the influence of the LMC. Whether or not it is still a gravitationally bound satellite of the LMC is uncertain and exactly how much mass Pic I might have lost due to its interactions with the LMC is unclear. If we were to consider Pic I as a disrupting ultra-faint dwarf galaxy it would need to have been at least two magnitudes brighter (5 times more stellar mass) for it to align with the other dwarf galaxies on the luminosity-metallicity relation. At this stage, given Pic I is located on the size-luminosity relation with the other known star clusters it is more likely that Pic I is or was a star cluster of the LMC.
Gru I differs from most other known ultra-faint dwarf galaxy candidates in that it is structurally reasonably well defined but does not have a single central overdensity. As can be seen in Figure 17 two sub-cores reside symmetrically around the putative centre-ofmass of the system. Furthermore, the two sub-cores strongly align with the direction of the Large Magellanic Cloud suggesting that these features may have been tidally induced due to a close encounter with the LMC in the past. It is clear that the presence of these two sub-cores is not only responsible for the large error on the previous position angle estimates but they will also influence any estimate of the half-light radius.
As demonstrated in Figure 27 , Phe II joins Pic I and Gru I in having features which strongly align with the Large Magellanic Cloud. In this case, it is the line connecting the starting points of the tidal arms through the centre of the object. We propose that Phe II is or was a satellite of the LMC and that, like the other objects, it has contributed stellar material to the LMC halo. This picture based on morphological properties is consistent with the conclusion drawn by Fritz et al. (2018b) from Gaia DR2 astrometry and FLAMES/GIRAFFE spectroscopy that Phe II is the only object for which the firm case of a former association to the LMC can be made.
SUMMARY
We have presented the results from deep follow-up stellar photometry of the four ultra-faint dwarf galaxy candidates Horologium I, Grus I, Pictor I, and Phoenix II. Based on structural and stellar population parameters we found Pic I & Phe II to be star clusters, while Hor I & Gru I have properties similar to dwarf galaxies. All have very old, metal-poor stellar populations with elevated alpha abundances. We have refined all the distance estimates of these objects whereby Hor I is the closest with a heliocentric distance of 68 ± 3 kpc, followed by Phe II (81 ± 5kpc), then Pic I is 110 ± 4 kpc, while Gru I is 115 ± 6 kpc.
Exploring the stellar populations further we find that Hor I consists of two stellar populations, as revealed by the presence of a split sub-giant branch. Interestingly, the two components, with a 70:30 percent ratio do not have the same on-sky distribution. A KS-test revealed that the more populated and slightly more metal poor component is more concentrated than its weaker counterpart. Gru I despite having two sub-cores and no strong overdensity at the location of the putative centre-of-mass, does not appear to have two distinct stellar populations. The substructures present in this object are most likely the results of tidal interactions with the LMC. Pic I and Phe II, have well defined stellar populations that are consistent with a single star formation event.
With the exception of Hor I, each of the other objects show signs of tidal disruption. Phe II has prominant tidal arms, Gru I has a dual-core and Pic I has small overdensities outside of the half-light radius. The alignment of these substructures is not random, but all consistently point towards the LMC, strongly suggesting that each of them has, in the past, been bound and interacted with it. Hor I contains stars bright enough to be visible in the Gaia DR2 and has been found to be or have been a satellite of the LMC which makes all four of these objects members of the a larger LMC satellite system.
As with other deep follow-up observations of newly discovered ultra-faint dwarf galaxy candidates, higher quality photometric and spectroscopic data reveal that these objects have hidden properties that were not visible in the discovery data. Each object has a rather rich and complex history that requires our understanding. As the only representatives of tail-end of the galaxy formation scenario, it is crucial that we have a complete picture of their true nature so that inferences made in terms of near field cosmology are supported by the best information.
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APPENDIX A: UNRECOVERED ARTIFICIAL STARS
In this appendix, we present more of our findings from the artificial star experiments in each field. For a set of six magnitude bins, we show where in the frame we are unable to recover artificial stars. This allows the reader to see which parts of the field are more heavily affected by photometric completeness considerations. In many frames, the main sources of contamination in the field are the On Instrument Wave Front Sensor (OIWFS), chip gaps, hot pixel columns, bright stars and their halos. Rockosi, C. M., Odenkirchen, M., Grebel, E. K., et al. 2002, AJ, 124, 349 Torrealba, G., Koposov, S. E., Belokurov, V., & Irwin, M. 2016, MNRAS, 459, 2370 Torrealba, G., Koposov, S. E., Belokurov, V., et al. 2016, MNRAS, 463, 712 Torrealba, G., Belokurov, V., Koposov, S. E., et al. 2018 , MNRAS, 475, 5085 Walker, M. G., Mateo, M., Olszewski, E. W., et al. 2015 Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010 , AJ, 140, 1868 -1881 
